Fischer BM, Wong JK, Degan S, Kummarapurugu AB, Zheng S, Haridass P, Voynow JA. Increased expression of senescence markers in cystic fibrosis airways. Am J Physiol Lung Cell Mol Physiol 304: L394 -L400, 2013. First published January 11, 2013; doi:10.1152/ajplung.00091.2012.-Cystic Fibrosis (CF) is a chronic lung disease characterized by chronic neutrophilic airway inflammation and increased levels of neutrophil elastase (NE) in the airways. We have previously reported that NE treatment triggers cell cycle arrest. Cell cycle arrest can lead to senescence, a complete loss of replicative capacity. Importantly, senescent cells can be proinflammatory and would perpetuate CF chronic inflammation. By immunohistochemistry, we evaluated whether airway sections from CF and control subjects expressed markers of senescence, including p16
INK4a
(p16), a cyclin-dependent kinase inhibitor, phospho-Histone H2A.X (␥H2A.X), and phospho-checkpoint 2 kinase (phospho-Chk2), which are also DNA damage response markers. Compared with airway epithelium from control subjects, CF airway epithelium had increased levels of expression of all three senescence markers. We hypothesized that the high load of NE in the CF airway triggers epithelial senescence by upregulating expression of p16, which inhibits cyclindependent kinase 4 (CDK4). Normal human bronchial epithelial (NHBE) cells, cultured in air-liquid interface were treated with NE (0, 200, and 500 nM) to induce visible injury. Total cell lysates were collected and evaluated by Western analysis for p16 protein expression and CDK4 kinase activity. NE significantly increased p16 expression and decreased CDK4 kinase activity in NHBE cells. These results support the concept that NE triggers expression of senescence markers in CF airway epithelial cells. neutrophil elastase; p16 ink4a ; phospho-histone 2A.X; phospho-Chk2; telomere length PATIENTS WITH CYSTIC FIBROSIS (CF) are plagued by recurrent infections and neutrophilic inflammation in their airways that begin at an early age and result in a decline in lung function (17, 18, 25, 29, 42) . There are very high concentrations (M) of neutrophil elastase (NE), a serine protease, in the airways of patients with CF (3, 18, 26) . NE, in concert with increased levels of chemokines present in the bronchoalveolar lavage fluid of patients with CF (4), can lead to airway epithelial injury. We have previously reported that NE induces airway epithelial cell cycle arrest or quiescence (15) . Quiescence is a reversible process and cells may re-enter the cell cycle at a later time. However, cells may also be committed to apoptosis or senescence (33, 37) . Senescence is the complete loss of replicative capacity and is generally considered a permanent cell fate (33) . Senescence is associated with a variety of insults including oxidative stress, DNA damage, and telomere dysfunction (10) . Senescence is triggered by several mechanisms: 1) a cell cycle-regulated pathway with increased expression of p16 INK4a (p16), a cyclin-dependent kinase inhibitor (CKI) that inhibits cyclin-dependent kinase 4 (CDK4) activity and retinoblastoma protein (Rb) phosphorylation (33); 2) a DNA damage response pathway with increased expression of markers such as phospho-histone 2AX (␥-H2A.X) or phospho-checkpoint kinase 2 (p-Chk2) (7); or 3) telomere shortening associated with aging (23) or with recurrent or chronic lung injury diseases, such as chronic obstructive pulmonary disease (COPD) (32, 39) .
Inflammation has been reported to initiate senescence in other organs including pancreas, liver, and kidney (2, 21, 24, 30, 34, 35) . In addition, senescent cells exhibit an inflammatory phenotype and produce inflammatory mediators including cytokines, chemokines, and metalloproteases (11, 20, 38, 46) . These inflammatory mediators in turn trigger a vicious cycle perpetuating the inflammatory response, as well as propagating and maintaining senescence and contributing to the chronicity and severity of disease. In CF, senescence may be a mechanism to sustain or augment inflammation with increased airway epithelial injury and failure of normal repair. We sought to determine whether airway epithelial senescence occurs in the CF lung. We performed immunohistochemical analyses for senescence markers and analysis of DNA for changes in telomere length. Then we tested whether NE activates epithelial senescence pathways in vitro.
MATERIALS AND METHODS
Subjects. Airway sections from control lung donors and patients with CF were obtained from the Duke Lung transplant program and Department of Pathology with approval from the Duke Institutional Review Board. All samples were deidentified of protected health information. CF genotypes were not available.
Immunohistochemistry and histological quantitative analysis. Formalin-fixed and paraffin-embedded airway tissue from 9 patients with CF and 12 control subjects were available for immunohistochemistry (43 Five to seventeen images of large airways were taken at ϫ40 to cover the full intact epithelium. Areas with wrinkled or overlapped tissue were not included. The tissue around the airways was erased in , phospho-Histone H2A.X (␥-H2AX), and phospho-Chk2 (p-Chk2) in control and cystic fibrosis (CF) airway tissue sections. A: representative hematoxylin and eosin (H&E) images (ϫ10 magnification, 100 m bar) from control (n ϭ 12) and CF (n ϭ 9). Note the increased cellularity of the CF airway epithelium and submucosal area indicative of inflammatory cell infiltration. Control (n ϭ 6) and CF (n ϭ 6) airway tissue sections (5 m) were immunostained for senescence biomarker cyclin-dependent kinase (CDK) inhibitor, p16 INK4 (p16) (alkaline phosphatase detection, pink color with methyl green counterstain), phosphorylated histone 2AX (␥-H2AX; control n ϭ 5, CF n ϭ 7) [diaminobenzidine (DAB), brown color with hematoxylin counterstain], and phospho-Chk2 (p-Chk2; n ϭ 7 for each control and CF) (DAB, brown color with hematoxylin counterstain). Red arrow heads in ␥-H2AX and p-Chk2 CF images indicate examples of positively staining nuclei in the epithelium. All senescence marker images were taken at ϫ40 magnification (25 m bar) as noted in MATERIALS AND METHODS. According to antibody supplier (BD Biosciences), the p16 monoclonal antibody will recognize p16 expression in both the cytoplasm and the nucleus. B: graphic summary of the unbiased quantitative histological analysis for each of the immunostained senescence/DNA damage markers (means Ϯ SE; n ϭ 5-17 images per airway from each control and CF subject). Results are expressed as percentage reactive (stained) area ϭ ratio of epithelial reactive (stained) area to total epithelial area. *CF significantly increased compared with corresponding control subjects stained airways, P Ͻ 0.05.
Photoshop (Adobe) to assess the staining only in the epithelium. The quantitative analysis was carried out using a color thresholding method in ImageJ (version 1.45s, NIH). For each antibody, two macros were created to automatically calculate the area of positive cells to the antibody and the total area of the epithelium. To avoid biased assessment the same macro was run for all the images of the same marker. From each original photomicrograph, two downstream images were automatically generated representing the stained and total area of the tissue. These images were used to confirm correlation between the stained and total area of the tissue and the original image. The antibody expression was calculated as a percentage by the ratio between the stained area and total area of the epithelium (22) .
Telomere length evaluation by quantitative real-time PCR. Frozen aliquots of two million passage 1 airway epithelial cells from control (n ϭ 18) and patients with CF (n ϭ 18) were used to collect genomic DNA. DNA was extracted using the PureLink spin-column-based extraction kits according to the manufacturer's instructions (Invitrogen). The genomic DNA was used to assess telomere length by qPCR as described by O'Callaghan and French (27) . Briefly, a single copy gene (SCG), 36B4, was used as an internal control and standard curves for telomere DNA (TEL), and the SCG were created as described (27) . Telomere qPCR and SCG qPCR were performed in separate 96-well plates. Samples were evaluated in two groups to be able to run all samples in triplicate and have an equivalent number of control and CF samples on each 96-well PCR plate. All samples were run in triplicate on an ABI 7300 Sequence Detection System with the SDS Ver. 1.9 software (Applied Biosystems). Reactions included a nontemplate control and positive control (NIH3T3 for long telomeres and HA1 for short telomeres, kindly provided by Dr. Christopher Counter, Duke University). A 20-l reaction volume was used that contained 16 l of TEL or SCG Power SYBR master mix (Applied Biosystems, no. 4367659) and 4 l of standard oligomer diluted in a solution containing plasmid DNA (pGL3) to maintain a constant 20 ng of total DNA per reaction tube or subject DNA sample (20 ng; CTRL or CF). TEL and SCG values were determined from the respective standard curves, a TEL/SCG ratio determined for each sample and then divided by 92, the total number of telomeres on 23 pairs of normal human chromosomes, to provide the absolute telomere length (aTL). The aTL for each subject was used for the statistical analyses and graphs.
SCG amplification is crucial for the accuracy of the results generated in the qPCR assay; therefore, the amplification of 36B4 was compared with another SCG ␤-globin. The relative ratio of 36B4/␤-globin for all the samples was ϳ0.98 ranging from 0.96 -1.00, indicating that equal copy numbers of single copy gene per cell were amplified (data not shown).
Normal human bronchial epithelial cell culture. Primary normal human bronchial epithelial (NHBE) cells were harvested by proteolytic digestion (Protease Type XIV; no. P5147, Sigma) from human tracheobronchial tissues obtained from Lung Transplant Program and the Department of Pathology, Duke University Medical Center. The protocol was approved by the Institutional Review Board for Clinical Investigations, Duke University Medical Center. After protease digest, to avoid fibroblast contamination, NHBE cells were removed by gentle washing of the airway surface without scraping. Initial plating and expansion was performed on PureCol (no. 5005-B, Advanced BioMatrix) -coated 10-cm tissue culture dishes in small airway basal media (Lonza):DMEM-H (1:1) supplemented with seven factors: insulin (4 g/ml), transferrin (5 g/ml), epidermal growth factor (0.5 ng/ml), dexamethasone (0.1 M), cholera toxin (20 ng/ml), bovine pituitary extract (50 mg/500 ml; Gemini Bio-products), and BSA (0.5 mg/ml). After initial harvest and expansion, cells were plated on a six-well Transwell Clear chambers (24-mm diameter, Costar/Corning) and cultured in air-liquid interface (ALI) as previously described (44, 45) . Cells were cultured in ALI for 9 -10 days before experiments.
Neutrophil elastase treatment and Western analyses. NHBE cells were treated with NE (0, 200, or 500 nM) or control vehicle, apically and basolaterally, for 2-5 h until visible injury occurred, and then lysates were collected as previously described (15 (15) .
Immunoprecipitation and kinase activity assay of CDK4. p16 inhibits CDK4 activity, resulting in inhibition of cell cycle progression, thus leading to senescence. We performed a CDK4 kinase assay to demonstrate the effect of NE on CDK4 activity. Cell lysates collected for Western analyses were also used for these studies. Lysates (400 g) were first precleared with magnetic Protein G Dynabeads (Invitrogen) and then incubated with a mouse monoclonal antibody for CDK4 (clone DCS-31; Santa Cruz sc-56277; 2 g, 4°C overnight). Antigen-antibody complexes were captured using magnetic Protein G Dynabeads (Invitrogen). Beads were washed twice with 1ϫ lysis buffer (Cell Signaling 9803), then twice with 1ϫ kinase buffer (Cell Signaling 9802). Beads bound with CDK4 were incubated with 1.0 g His-Tagged Rb substrate (Upstate) and 200 M ATP in 20 l kinase buffer at 30°C for 30 min. Samples were then boiled for 5 min with SDS-PAGE loading buffer (4ϫ, 12.5 l) and loaded on a 4 -20% gel (Bio-Rad). After transfer, membranes were probed with a phospho-Rb antibody (Ser 795; Cell Signaling 9301; 1:1,000) to assess CDK4-mediated phosphorylation at serine 795. Membranes were reprobed with a polyclonal rabbit CDK4 antibody (Santa Cruz, sc-260, 1:1,000) to demonstrate equivalent CDK4 immunoprecipitation and for normalization.
Statistical analysis. All NHBE experimental results are expressed as means Ϯ SE, and differences between mean values were analyzed by ANOVA with post hoc analysis by the Wilcoxon Rank sum test (Statistix 8, Analytical Software) (36) . P values Ͻ0.05 were considered statistically significant.
RESULTS
Increased expression of senescence and DNA damage markers in CF airway sections. Senescence occurs following airway inflammation or injury as present in the CF lung (46) (see Fig. 1 hematoxylin and eosin image for example of airway inflammation in CF). Senescent cells are proinflammatory (11, 30, 38) ; therefore, this process is potentially relevant to propagating sustained inflammation in CF. We tested whether CF airway epithelial cells expressed markers consistent with senescence: p16 INK4 (p16), a CKI and a biomarker of senescence (19) , and DNA damage response markers: phospho-histone 2AX (␥-H2A.X) and phospho-checkpoint kinase 2 (p-Chk2). We performed immunohistochemistry on airway sections from CF lungs from lung transplant recipients, and, as controls, tracheal/bronchial sections from lung transplant donor tissues. We used an unbiased image analysis method to quantitate the expression of each marker in the CF and control airway sections (22) . Airway sections from patients with CF compared with control subjects had significantly increased expression of all three markers p16, ␥-H2A.X and p-Chk2 (Fig. 1) . On the basis of a qualitative assessment, all three markers were predominantly expressed in goblet or ciliated cells, but also some basal cells. Of the three markers, ␥-H2A.X showed the most basal cell expression, but it was still less than goblet or ciliated cell marker expression. p-Chk2 was occasionally expressed in basal cells, whereas p16 was only noted in basal cells of one patient. These results suggest that CF airway epithelium was undergoing senescence at greater levels than control individuals.
Telomere length assessment. Telomere shortening is one mechanism of senescence. Several studies reported that telomere length is decreased in patients with emphysema and COPD (32, 39) , consistent with chronic infection and inflammation, which induce senescence (2, 21, 24, 30, 34, 35) . Considering the cellular stress of recurrent exacerbations of infection and inflammation in CF, we evaluated whether CF lung airway epithelial cells also had telomere shortening. The qPCR method utilized to evaluate telomere length was reproducible with very consistent standard curves for both telomere and SCG standards (Fig. 2, A and B) . The C t of telomere ranged from 10 -35, and all target samples fell within the standard's linear range. The individual samples with the standard deviation of the triplicate C t values Ͻ1C t were accepted for further analysis. 98% of the samples analyzed met this criterion. After amplification the telomere DNA kb/reaction was calculated based on the telomere standard curve values as described in MATERIALS AND METHODS.
Using the real-time PCR (qPCR) method to evaluate telomere length, we determined that there was no significant difference in telomere length between control and CF subjects in this small population (n ϭ 18 per group) (Fig. 2) . The CF subjects did have a large spread of telomere length, but no outliers were identified (Fig. 2C ). As noted in Fig. 2D , three of the CF subjects (16%) did exhibit telomere shortening compared with all the controls. Because we received all samples deidentified, we do not have any patient information to identify any unique factors about these three patients with CF.
NE increased p16 protein expression and decreased CDK4 activity in NHBE cells. CF is characterized by chronic neutrophilic airway inflammation and persistently high levels of NE in the airways (3, 18, 26) . We hypothesized that NE exposure may be one of the senescence triggers in CF airways. We exposed NHBE grown in ALI to varying concentrations of NE or control vehicle. NE treatment injured the epithelial monolayer in a dose-dependent manner (Fig. 3) . Western analyses demonstrated a significant increase in p16 protein expression in response to NE treatment (Fig. 4) . CDKs, such as CDK4, phosphorylate the Rb at specific phosphorylation sites and enable DNA synthesis to proceed during S phase of the cell cycle. p16 inhibits CDK4 activity, blocking Rb phosphorylation. We performed a kinase assay to evaluate NE-induced alterations of CDK4 activity. Consistent with upregulation of (15), apoptosis (16, 37) , and senescence. In this report, we demonstrate that NE upregulated p16 and inhibited CDK4; this pathway induces epithelial senescence.
p16 protein expression, NE treatment significantly decreased phosphorylation of Rb, the substrate for CDK4 activity (Fig. 5) . Collectively, these results suggest that NE may activate airway epithelial senescence in CF via p16-mediated inhibition of CDK4 and failure of phospho-Rb-triggered DNA synthesis.
DISCUSSION
CF is a chronic inflammatory lung disease characterized by persistent neutrophil inflammation and bacterial colonization resulting in abnormal repair of the injured airway epithelium (42) . In this report, we demonstrated the novel finding that there was increased expression of senescence markers in CF airway epithelium: p16, a CKI that inhibits CDK4 activity and subsequent Rb phosphorylation, and DNA damage markers, phospho-histone 2AX (␥-H2A.X) and phospho-checkpoint kinase 2 (p-Chk2). DNA damage is associated with senescence and can be recognized by a cascade of protein complexes. MRE11, RAD50, and NBS1 form a complex (MRN) that activates the upstream kinases ataxia telangiectasia mutated (ATM), and ATM and Rad-3 related (ATR), which phosphorylate histone H2A.X. Adaptor or DNA damage mediators, such as p53 binding protein-1 (53BP1) and BRCA1, mediate ATMdependent phosphorylation and activation of the downstream kinase, checkpoint-2 (12). To our knowledge, this is the first report of increased expression of senescence and DNA damage markers in CF airway epithelium.
Telomeres are stretches of repetitive DNA and associated proteins that cap the end of chromosomes. With aging, our telomeres naturally lose 50 -200 base pairs of telomeric DNA until the point when they become dysfunctional and trigger a DNA damage response and the cells become senescent. In patients with emphysema and patients with COPD, accelerated or premature telomere shortening has been reported. In a study from Japan comparing lung tissue from emphysema and smoking and nonsmoking control subjects, there is increased expression of p16 in the alveolar epithelial cells of the patients with emphysema (39) . These investigators used fluorescent in situ hybridization to demonstrate significant telomere shortening in emphysema subjects and nonemphysematous smokers compared with nonsmokers (39) . In a larger study with European subjects, telomere length in circulating leukocytes was evaluated by qPCR, similar to the method we used, and demonstrated significant telomere shortening in patients with COPD compared with either smoker or nonsmoker controls (32) . In our small population of patients with CF, there was no difference in the aTL between CF and control epithelial cells; however, three of the patients with CF did demonstrate shortened telomeres compared with all the controls. Results are consistent with the notion that, despite enhanced cell turnover and senescence, in most cases there is sufficient epithelial stem/progenitor cell reserve to maintain normal telomere lengths in the CF airway epithelium. A larger study may be warranted to determine whether there is telomere shortening or alterations in telomerase activity in patients with CF using a well-defined population where results can be correlated with clinical information and disease severity.
In this report, we demonstrate that NE treatment of differentiated NHBE cells induced a significant increase in p16 protein expression and a corresponding decrease in CDK4 activity as measured by decreased phospho-Rb. These results suggest that NE-induced p16 expression may be one mechanism of causing senescence in CF airways. We and others have reported that NE can trigger reactive oxygen species (ROS) production and oxidative stress in airway epithelial cells (1, 14) . NE degrades iron storage or transport proteins, such as ferritin, transferrin, or lactoferrin (5, 6, 13) , resulting in the release of catalytically active iron and generating ROS. In addition, CF lungs are exposed to oxidative stress due to systemic glutathione deficiency and mitochondrial oxidative stress (31, 40, 41) . Importantly, ROS trigger senescence (8, 9) . Thus it is likely that NE exposure contributes to ROS production, oxidative stress, and development of senescence in CF airways. Therefore, NE activates several mechanisms by which it interrupts normal epithelial homeostasis and/or cell fate, namely basal cell hyperplasia and airway epithelial hypertrophy (43) , increased epithelial permeability (28) , cell cycle arrest (15) , apoptosis (16, 37) , and senescence (Fig. 6) .
We propose that NE exposure may lead to senescence by a mechanism dependent on ROS and oxidative stress. It is not known whether NE is an initiator or sustainer of the senescent phenotype, but it is likely a key inflammatory mediator important in regulating overall airway epithelial cell fate in CF. Our findings underscore the need for more robust therapeutic approaches to block inflammation and the protease load in the lungs of patients with CF.
